and Akihikari than in the other cultivars, indicating a greater capacity of tillers to produce spikelets or support spikelet growth. In each cultivar except NPT65, spikelet production effi ciency for D-SPP increased as panicle order decreased, whereas spikelet production effi ciency for SPP remained constant or decreased. This finding indicates that irrespective of planting density, lower order panicles produce more spikelets than they can afford physiologically, but they were regulated downward to a nearly constant value in four cultivars. In NPT65 different from other cultivars, spikelet production effi ciency for D-SPP was lower in lower order panicles.
Planting density is an important determinant of grain yield in rice. The number of grains per unit area is determined by the planting density and spikelet number per plant, which is the sum of the spikelets on each panicle. Studies have shown a large variation in spikelet number per panicle (SPP) in one rice plant. SPP was larger on early-emerging tillers (Counce et al., 1996) , and its value decreased from the main stem to primary and secondary stems (Kuroda et al., 1999) . Shiratsuchi et al. (2007) reported a strong positive relationship between SPP and tiller dry weight at heading, and Yao et al. (2000) also showed the similar relationship in 32 cultivars. In addition, a negative relationship between panicle number and SPP has been widely reported (Matsushima, 1966; Wells and Faw, 1978; Jones and Snyder, 1987) . Therefore, the difference in the numbers of tillers and panicles that results from different planting densities should also affect the SPP (Kuroda et al., 1999) . Furthermore, many highyielding rice cultivars are characterized by markedly large panicles, panicle-weight type, with relatively few tillers (Maruyama et al., 1988; Yamamoto et al., 1991; Khush, 2000) , and the effect of planting density on tiller and panicle numbers may also affect the SPP (Pham et al., 2004a) .
SPP is determined by the difference between the differentiated spikelet number per panicle (D-SPP) and the preflowering aborted spikelet number per panicle (A-SPP) (Matsushima, 1966) . However, few studies have examined the variation in D-SPP and A-SPP in rice plants. Sheehy et al. (2001) reported that D-SPP was reduced as tiller number increased in spaced cultivation. Ishii and Kumura (1988) found that D-SPP declined and A-SPP increased with the reduction in "shoot vigor" (i.e., smaller shoots) in the cultivar Nipponbare. It is unclear, however, whether genotypic differences exist with regard to the differentiation and abortion of spikelets per panicle in rice plants. Therefore, the effects of cultivars and planting densities on the variation of D-SPP and A-SPP are still not well understood.
Tiller size like leaf area per tiller, and neck internode diameter are closely related to D-SPP and SPP (Yamagishi In each cultivar in each year, the same letters indicate there was no signifi cant difference among densities at the 5% level.
In the means of years, values for cultivars and densities of subplots followed by the same letter are not signifi cantly different at the 5% level. et al., 1992; Sheehy et al., 2001; Liu et al., 2008) . Leaf area per tiller is the important factor influencing the source ability for the panicle development (Sheehy et al., 2001 ). Both larger neck internode diameter at panicle initiation stage and that at heading are accompanied by the larger spikelet number per panicle (Yamagishi et al., 1992) ; and the larger neck internode diameter could improve the translocation of assimilates from leaf to panicle (Liu et al., 2008) . Tiller height likely plays an important role in the capture of solar radiation when the competition of tillers within plant is intense. Therefore, the leaf area per tiller, neck internode diameter, and tiller height should be involved in the response of D-SPP and A-SPP variation in rice plants to planting density. In this experiment, the panicle size (SPP), potential panicle size (D-SPP), spikelet abortion before flowering (A-SPP), and ratio of A-SPP to D-SPP (%A) were examined in fi ve cultivars (four with large panicles and Nipponbare) at different planting densities. Tiller size, leaf area per tiller, neck internode diameter and tiller height, were also examined for comparison.
Materials and Methods
The experiments were conducted at the Field Production Science Center of the Graduate School of Agricultural and Life Science, The University of Tokyo, Nishitokyo, Tokyo, Japan (35º43´N, 139º32´E, 53-m elevation) in 2007 and 2008. Five cultivars, Akihikari, IRAT109, Nipponbare, Akenohoshi, and IR65564-44-51 (NPT65), were planted during the 2 yr. The cultivars other than Nipponbare are regarded as the panicle-weight type, and Nipponbare is the medium type between paniclenumber type and panicle-weight type. Three planting distances-15 cm×15 cm, 15 cm×30 cm, 30 cm×30 cmwere designed as three density levels: high, medium and low density. The fields were designated as split-plots with three replications, the cultivar was designated as the main plot ( ). The seeds were sown on 28 April, and seedlings were transplanted to the paddy fi eld on 28 May in both years. (2008), and panicle number (PN) and SPP for each panicle were counted. Aborted spikelets were counted as the vestiges that remained on the rachis branches following the method reported previously (Ishii and Kumura, 1988) ; this enabled the measurement of A-SPP. D-SPP was calculated as the sum of SPP and A-SPP. The spikelet abortion percentage (%A) was calculated as the ratio of A-SPP to D-SPP. For comparison of SPP, D-SPP, A-SPP, and %A of all panicles, the panicles in each plant were arranged in descending order from the panicle with the highest SPP to that with the lowest SPP. If the 6 plants (2 plants×3 replications) of each sample had the different panicle number, the replication should be less than 6 at the lower order. Therefore, when at least 3 panicles existed in higher order panicles, they were included into analysis. Using these sequences, the responses to the planting densities were examined.
In 2008, the leaf area, tiller height, and neck internode diameter of each productive tiller were measured at heading time after unproductive tillers were removed. Leaf area was measured with an area meter (Li-3100, Li-Cor, Lincoln, NE, USA). Spikelet production effi ciency for SPP and D-SPP was calculated as SPP and D-SPP divided by leaf area, respectively. The neck internode diameter was measured by digital vernier caliper (Mitutoyo, Kanagawa, Japan) at the narrowest part 2 cm below the neck node.
Statistical analyses were conducted by the method of Gomez and Gomez (1984) .
Results

Panicle characters and panicle number
Average D-SPP, SPP, A-SPP, and %A of the panicles in a plant are shown in Table 1 . On average, there were no planting density (Table 1) . Signifi cant interactions between year and cultivar, year and planting density, and cultivar and planting density for panicle number per plant and per unit area were observed. The smaller panicle number in 2008 than that in 2007 might be due to the lack of nitrogen topdressing in 2008. Among the five cultivars, panicle number was lowest in NPT65, followed by IRAT109 and Akihikari, and higher in Akenohoshi and Nipponbare. Panicle number per plant was signifi cantly larger at the low planting density than at higher densities; however, on a per unit area basis, panicle number was signifi cantly smaller at the low planting density than at a high or medium density. The panicle number per unit area for each cultivar was also signifi cantly larger at the high planting density than at the lower density, except in NPT65 in both years and in Nipponbare in 2008, which showed no difference with the planting density.
Number and abortion of spikelets in each panicle
The panicles were arranged by descending order of SPP. The panicle orders for D-SPP and %A are shown in Figs. 1, 2 , respectively. Generally, the D-SPP values were higher at the low planting density than at higher densities when comparing the same panicle order in the same cultivar and year, and they were lower in higher order panicles in all cultivars and years (Fig. 1) . In contrast, %A was higher in significant differences in these four characters between 2007 and 2008. Significant differences in panicle characters were noted between NPT65 and the other cultivars; D-SPP, SPP, A-SPP, and %A were highest in NPT65. There were no significant differences in D-SPP and SPP among the other four cultivars, but the values in IRAT109 and Akenohoshi tended to be higher than those in Akihikari and Nipponbare. The values of the four panicle characters were higher at the low and medium planting densities than at the high planting density. There was a signifi cant interaction between year and cultivar, year and planting density, and cultivar and planting density in D-SPP, SPP, A-SPP, and %A, except the interaction between year and planting density for A-SPP. Signifi cant interactions among year, cultivar and planting density was also observed. For each cultivar, there were no significant differences in D-SPP and SPP with the planting density, except for SPP in IRAT109 and D-SPP and SPP in NPT65 in 2008 (Table 1) , although D-SPP and SPP tended to be higher at the low planting density. There was no signifi cant difference in A-SPP with the planting density except in NPT65 in 2008, although %A was higher at the low planting density than at the high planting density in Nipponbare and Akenohoshi in 2007.
On average, panicle number per plant and per unit area showed signifi cant differences with the year, cultivar, and lower order panicles at all planting densities and in all cultivars and years. Therefore, the lower order panicles had fewer SPP because of less spikelet differentiation and a higher percentage of spikelet abortion. The D-SPP range in plants (i.e., the difference between maximum and minimum D-SPP) was larger at the low planting density than at high and medium densities for all cultivars (Fig. 1) . This is because the maximum D-SPP values of the highest order panicles were the greatest at low planting density, followed by medium density, although the minimum D-SPP values of the lowest order panicles showed small differences among the three planting densities. Among the fi ve cultivars, NPT65 had the largest range of D-SPP values, from 314 to 785 at the low planting density in 2007. The narrowest range of D-SPP values, from 96 to 127, was observed in Nipponbare at the high planting density in 2008. Table 2 shows the average leaf area per tiller, tiller height, and neck internode diameter of tillers. Statistically signifi cant differences among cultivars were observed for all three characters, and significant differences among planting densities were also observed for leaf area and neck internode diameter. Among cultivars, leaf area per tiller was largest in NPT65, followed by Akenohoshi, and lowest in Akihikari. Leaf area per tiller showed signifi cant interaction effects between cultivar and planting density. In IRAT109, Akenohoshi, and NPT65 leaf area per tiller was larger at the low planting density than at the high planting density, although in Akihikari and Nipponbare it did not differ with the planting density. Neck internode diameter showed the same tendency as that of leaf area per tiller. In IRAT109, Akenohoshi, and NPT65, neck internode diameter was higher at the low planting density than at higher densities, although it was not affected by planting density in Akihikari and Nipponbare.
Relationships of leaf area, tiller height, and neck internode diameter to SPP, D-SPP, and %A
SPP in each tiller showed strong positive linear relationships with leaf area per tiller, tiller height, and neck internode diameter in all cultivars except NPT65 which only showed positive relations to leaf area per tiller (Fig. 3) . The slope of the regression lines of SPP to leaf area per tiller were high in Akihikari and NPT65, indicating that more spikelets were produced with the same increase in leaf area in these cultivars. Fig. 4 shows the spikelet production effi ciency for SPP or for D-SPP (SPP or D-SPP divided by leaf area) in each tiller. There were differences in spikelet production efficiencies among cultivars, being high in Akihikari and NPT65, which coincides with the steep slopes of the regression lines of SPP to leaf area per tiller in Fig. 3 . In lower order panicles, the spikelet production effi ciency for D-SPP tended to increase in most cultivars except NPT65, whereas spikelet production efficiency for SPP was constant or decreased. Therefore, the difference in spikelet production effi ciency between D-SPP and SPP (i.e., spikelet abortion efficiency for A-SPP) was larger in the lower order panicles in all cultivars and planting densities except NPT65. In NPT65, the differences between the spikelet production efficiency for D-SPP and SPP were similar in all panicles at each planting density, although it had fewer panicles than the other cultivars.
Discussion
Effects of planting density on average D-SPP, SPP,
A-SPP, and %A in rice plants On average, D-SPP and SPP were higher at low and medium planting densities (Table 1) . A negative relationship between panicle number per unit area and SPP has been widely reported (Matsushima, 1966; Wells and Faw, 1978; Jones and Snyder, 1987) , and we also found that the average panicle number per unit area was higher at high and medium planting densities. In each cultivar, although the differences in D-SPP and SPP values among planting densities were not statistically significant, D-SPP and SPP tended to be larger at the low planting density than at the high planting density, and, in contrast, panicle number per unit area were smaller at the low planting density than at higher planting densities. No clear planting density effects on A-SPP and %A were observed in Akihikari, IRAT109, Nipponbare or Akenohoshi. In NPT65, %A was much higher than in the other cultivars; this might have been due to a very high A-SPP although D-SPP was also higher in NPT65 than in other cultivars. Kobayasi (1995) reported a strong positive relationship between D-SPP and A-SPP, though in our results the relationships between D-SPP and A-SPP were not always consistent.
Effects of planting density on SPP, D-SPP, and A-SPP in each panicle
Plants showed a broader range of D-SPP values at the low planting density than at higher planting densities, mainly because the panicle potential size, D-SPP, on lower order panicles was large at low planting density, but the differences in D-SPP in higher order panicles with planting density were small. Pham et al. (2004b) reported that, in a system with a low planting density with nitrogen topdressing, compared with conventional planting density, the spikelet number per panicle on secondary tillers, which were relatively smaller panicles, were significantly larger, but those on the main stem and primary tillers, which had relatively larger panicles, were not. The effect of a low planting density on spikelet number per panicle was larger in small panicles than in large panicles in a plant. Therefore, these results are inconsistent with our results: We found that D-SPP in higher order panicles, which had relatively larger panicles, was much larger at the low Fig. 3 . Relationships between tiller size (leaf area per tiller, tiller height, and neck internode diameter) and spikelet number per panicle (SPP) in five rice cultivars at three transplanting densities (•: high density; ▲ ▲: medium density; ○: low density). *,** showed the coeffi cient of determinations were signifi cant at the 5%, 1% level. planting density than at high planting density, though D-SPP in lower order panicles were similar at the low and high planting densities. This inconsistency might be caused by the difference in the amount and pattern of the fertilizer application.
SPP decreases with tiller order from the main stem to primary and secondary stems (Kuroda et al., 1999) . Ishii et al. (1988) found that D-SPP declined and A-SPP increased with the reduction in "shoot vigor" (i.e., smaller shoots) in the cultivar Nipponbare. SPP is also closely related to tiller size (dry weight per tiller) at heading (Yao et al., 2000; Shiratsuchi et al., 2007) and to dry matter production during panicle formation (Pham et al., 2004a) . Our results also showed a close relationship of SPP with tiller height and leaf area per tiller at heading, which could indicate tiller size. Consistent with our results, SPP is also correlated closely with the internode diameter at heading (Yamagishi et al., 1992) . Therefore, our results also indicate the importance of a thick culm and dry matter production during panicle formation to produce a heavy tiller dry weight, which results in a high SPP.
Spikelet production efficiency for D-SPP and SPP of each tiller was higher in NPT65 and Akihikari than in the other cultivars, indicating a greater capacity of tillers to produce spikelets or support spikelet growth. However, in lower order panicles, D-SPP decreased and spikelet abortion (%A) increased (Fig. 1) , resulting in reduced SPP in all cultivars and at all planting densities. In four cultivars other than NPT65, spikelet production efficiency for D-SPP increased in lower order panicles, especially at the low planting density, whereas spikelet production effi ciency for SPP were constant or low in the lower order panicles (Fig. 4) . This fi nding indicates that, irrespective of planting density in the field condition, the lower order panicles produce more spikelets than they can afford physiologically, but they were regulated downward to a nearly constant value in the four cultivars excepting NPT65. This result coincides with the result of Ishii and Kumura (1988) with Nipponbare in pot experiment. Ishii and Kumura (1988) reported that this can be explained by the balance between the source and sink within a plant; lower order tillers obtained assimilates from higher order tillers at the spikelet differentiation stage, but this translocation did not last until heading. In addition, the photosynthetic ability of leaves would also play an important role. Ookawa et al. (1991) reported that the photosynthetic rate of leaves was higher on the main stem than on tillers, even in leaves at a similar position. In the present experiment, the SPAD (Chlorophyll meter reading) of the three top leaves declined with the decrease in panicle order (data not shown). Thus, we may infer that the difference in the photosynthetic ability of leaves on the tillers was related to the high %A and low SPP recorded in lower order panicles. Kobayasi and Shintani (2003) reported that SPP was closely related to nitrogen content of the shoot at heading. The nitrogen content of a leaf can influence the leaf's photosynthetic ability; that is, an increase in the nitrogen content can strengthen the source ability of assimilates. On the contrary, in NPT65, different from other cultivars, spikelet production efficiency for D-SPP decreased parallel to spikelet production effi ciency for SPP with the decrease in panicle order. This may indicate that in NPT65 each tiller is independent of the photosynthetic assimilate from the other tillers, and that the photosynthetic ability of leaves might decline with the decrease of panicle order.
Therefore, it is suggested that an optimum value of spikelet production effi ciency for SPP might exist for each cultivar apart from spikelet production efficiency for D-SPP, reflecting the balance of assimilate availability, which must be explained by differences in leaf characters related to photosynthetic ability and the resulting capacity of tillers to support spikelet growth.
